Adult bone marrow-derived cells can participate in muscle regeneration after bone marrow transplantation. In recent studies a single hematopoietic stem cell (HSC) was shown to give rise to cells that not only reconstituted all of the lineages of the blood, but also contributed to mature muscle fibers. However, the relevant HSC derivative with this potential has not yet been definitively identified. Here we use fluorescence-activated cell sorter-based protocols to test distinct hematopoietic fractions and show that only fractions containing c-kit ؉ immature myelomonocytic precursors are capable of contributing to muscle fibers after i.m. injection. Although these cells belong to the myeloid lineage, they do not include mature CD11b ؉ myelomonocytic cells, such as macrophages. Of the four sources of mature macrophages tested that were derived either from monocytic culture, bone marrow, peripheral blood after granulocyte colony-stimulating factor mobilization, or injured muscle, none contributed to muscle. In addition, after transplantation of bone marrow isolated from CD11b-Cretransgenic mice into the Cre-reporter strain (Z͞EG), no GFP myofibers were detected, demonstrating that macrophages expressing CD11b do not fuse with myofibers. Irrespective of the underlying mechanisms, these data suggest that the HSC derivatives that integrate into regenerating muscle fibers exist in the pool of hematopoietic cells known as myelomonocytic progenitors.
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F
or decades, it has been debated whether cells from the circulation could participate in skeletal muscle regeneration in adult animals (reviewed in ref. 1) . Recently, bone marrow (BM)-derived cells (BMDC) have been shown by investigators in several groups to integrate into diverse adult tissues, such as epithelia (2) , liver (3), heart (4), brain (5) , and skeletal muscle in both mice and humans (reviewed in ref. 6 ). Moreover, BMDC have the capacity to rescue a genetically lethal metabolic liver disease, highlighting their therapeutic potential (7) . Numerous reports clearly demonstrate that BMDC contribute to skeletal muscle fibers (4, (8) (9) (10) (11) (12) (13) (14) . Although the frequency of these events is generally reported to be low (0.01-0.1%), it increases markedly and can reach 5% of total fibers in some muscles with high contractile activity or in muscles damaged by stress (13, 14) . We and others have demonstrated that BMDC en route to muscle can follow a biological progression, first giving rise to musclespecific stem cells (satellite cells) and then fusing under physiological conditions to form mature myofibers (12, 13, 15) . Whether all BMDC follow this progression remains unclear, and it is quite possible that a proportion of cells fuse directly with myofibers and that both mechanisms coexist in the same tissue.
It has now been shown by single-cell transplantation experiments that a hematopoietic stem cell (HSC) can give rise to progeny that reconstitute the blood and integrate into regenerating myofibers (16, 17) . However, whether the HSC themselves or only a subset of HSC derivatives are the cells involved in this process remains to be determined. Definitive identification of the BMDC that integrate into muscle fibers is required, because the nature of the precise population of cells involved in this process will be critical in guiding future research in this field.
Here we identify the HSC derivatives that have the capacity to incorporate into muscle fibers. These derivatives were isolated by using fluorescence-activated cell sorter (FACS)-based fractionation of cells from BM, peripheral blood (PB), and damaged muscle, followed by direct i.m. injection. This approach made it possible to test more mature fractions that were not capable of reconstituting the blood. We show that HSC and their progeny that express markers of the premyelomonocytic cells can incorporate into myotoxin-damaged myofibers, whereas, with four distinct paradigms, mature myelomonocytic cells (macrophages) cannot. Knowledge of the subset of BMDC derivatives with the potential to contribute to muscle should aid elucidation of the mechanisms by which they are recruited, incorporated, and reprogrammed during this process.
Materials and Methods
Mice and BM Transplantation (BMT) Procedure. C57BL͞6, cytomegalovirus (CMV)-Cre, and C57BL͞6-GFP transgenic mice were purchased from The Jackson Laboratory. CD11b-Cre transgenic and Cre-reporter transgenic mice (Z͞EG) (18, 19) were generously provided by D. G. Tenen (Harvard Institutes of Medicine, Boston) and C. G. Lobe (College Health Centre, Toronto), respectively. BMT and i.m. injection procedures are described in detail in Supporting Materials and Methods, which is published as supporting information on the PNAS web site. All protocols were approved by the Administrative Panel on Laboratory Animal Care at Stanford University School of Medicine.
Cell Sorting by Flow Cytometry. BM, PB, or skeletal muscle cells (20) from GFP mice were stained with specific antibodies to CD45, c-kit, Sca-1, IL7R, CD31, and CD34 directly conjugated to phycoerythrin, allophycocyanin, or phycoerythrin-Cy7 (all from Pharmingen) and͞or a lineage panel (Lin; mixture of biotinylated antibodies to Ter119, B220, CD3, Gr1, and CD11b) (BD Biosciences). Lin Ϫ cells were separated by magnetic depletion by using streptavidin coupled to magnetic beads (Miltenyi Biotec, Auburn, CA) and counterstained by using streptavidin Texas red (Pharmingen). Cells were then fractionated twice by flow cytometry (DIVA-Van, Becton Dickinson) before i.m. injection into the tibialis anteriors (TAs) of C57BL͞6 mice that had just received a single 10-l injection of notexin (NTX) (10 g͞ml).
Tissue Analysis. At 4 weeks after injection, TA muscles were harvested, imbedded in OCT compound, snap-frozen in liquid nitrogen-cooled isobutane, and then cut into 10-m transverse sections. The detailed tissue-staining procedures are described in Supporting Materials and Methods. Briefly, tissue sections were blocked in PBS͞normal goat serum͞Triton X-100; incubated with primary antibodies against GFP (Molecular Probes), laminin-␤2 (Upstate Biotechnology, Lake Placid, NY), or CD11b (Pharmingen); and incubated in secondary antibodies before overnight wash. GFP ϩ muscle fibers were counted on a Zeiss Axioplan epifluorescent microscope by using a double-bandpass filter to ensure that the GFP signal was authentic (this filter distinguishes between GFP and autofluorescence). CD11b staining was imaged by using a Zeiss laser-scanning confocal microscope (LSM 510) (1-m optical sections).
Mononuclear Cell Mobilization in PB. C57BL͞6 GFP mice were anesthetized and an ALZET osmotic minipump (Durect, Cupertino, CA) containing recombinant mouse granulocyte colonystimulating factor (G-CSF) dosed to 50 g͞kg⅐day
Ϫ1
(R & D Systems) was implanted subcutaneously. PB was harvested directly from the heart 5 days after minipump implantation, and the PB cells were stained as described above.
Myeloid and Myoblast Cell Isolation from Muscle Tissues. Myelomonocytic͞macrophage cells of the myeloid lineage and primary myoblasts were isolated from the TA muscle of 6-to 8-week-old mice as described in ref. 21 . Cells isolated from muscle extract of GFP or CMV-Cre transgenic mice (22) were labeled with CD45-phycoerythrin-and CD11b-allophycocyaninconjugated antibodies (Pharmingen), sorted twice by FACS, and injected i.m. into the TA of either C57BL͞6 or Z͞EG recipient mice. The precise efficiency of the CMV-Cre recombination cannot be determined in such experiments, because only cells that effectively recombined the reporter gene are detected. 
Results

HSC and Myeloid Precursor Fractions Within BM Contribute to Regen-
erating Muscle. Previously, we and others reported that HSC within BM had the potential to contribute nuclei to regenerating muscle fibers (16, 17) . To further characterize the HSC derivatives with this capacity, we fractionated BM cells by using well documented markers (reviewed in ref. 23 ). Fractions were isolated from BM of GFP transgenic mice by using Lin-specific markers and flow cytometry before direct injection into regenerating muscle (i.m.). This i.m. assay bypassed the need for BM reconstitution, allowing more specialized derivatives of HSC not capable of sustained hematopoietic engraftment or BM reconstitution to be tested. This method has previously been used to show that total BM is capable of participating in muscle regeneration after i.m. injection by Ferrari et al. (8) . To test only the NA, not applicable. Totals are shown in boldface type. *Total number of TAs injected for each fraction or group of fractions. † Total number of TAs presenting one or multiple GFP ϩ myofibers when microscopy analyses of transverse cross section of the TA were performed 4 weeks after NTX͞cell fraction injections. Percentage represents the proportion of TA with GFP ϩ fibers to the total number of TA injected. ‡ Total number of fiber counted for all the TAs analyzed. Although 12 cross sections were scanned for GFP ϩ fibers for each TA sample, only one cross section per TA was counted to avoid counting the same myofiber twice. § The low frequency of GFP ϩ fibers observed in fractions containing lymphoid progenitors is likely due to the inevitable 2-5% contamination of even 2ϫ FACS-sorted cells. Table 1) . The results do not discern whether nonhematopoietic cells within BM also have this capacity, but they provide evidence that the i.m. assay can be used to assess which hematopoietic fraction is capable of incorporation into regenerating muscles.
We further fractionated whole BM cells by FACS, based on the expression of cell-surface markers (25) . These markers included a mixture of antibodies to lineage antigens (Ter119 for er ythroid cells, B220 for B-lymphocytes, CD3 for Tlymphocytes, Gr1 for granulocytes, and CD11b for monocytes͞ macrophages), the stem cell factor receptor (c-kit) (26) , and the stem cell surface antigen (Sca-1) (27) . Representative results obtained for fractions of Lin ϩ , Lin (Fig. 1) . These GFPlabeled fractions were injected in replicate experiments directly into the TA muscles of wild-type C57BL͞6 mice that had just received NTX. GFP Fig. 1 AЈ-DЈ) . Similar experiments were carried out with 18 different FACS fractions tested in a total of 101 NTX-damaged TA muscles (Table 1) . The results were pooled into four groups. BM cells that were incorporated into skeletal muscle belonged to the fractions that either contained HSC ( Table 1 ). The ability of BM cells to incorporate into muscle also did not specifically cosegregate with the expression of the stem cell antigen Sca-1 (Table  1) . Myeloid progenitor fractions that expressed high amounts of the tyrosine kinase receptor c-kit but that lacked Sca-1 (ckit Table 1 , Group 5) were tested (9% or 0% of muscles, respectively). Distinction between the four populations is evident from this analysis and 98% of all GFP ϩ fibers derived from fractions containing either HSC or myeloid progenitors, and only 2% were from fractions containing either lymphoid progenitors or committed precursors and mature myeloid͞ lymphoid cells. Taken together, these data suggest that the cells in the BM that integrate into myofibers during muscle regeneration are within the fractions containing HSC and myelomonocytic progenitors.
Mature Myeloid Cells (Macrophages) Do Not Contribute to Regenerating Muscle. Experiments were designed to determine whether mature macrophages participate in muscle regeneration. These cells have been considered by others to be the prime candidate for an HSC derivative that contributes to muscle, due in part to their innate fusogenic activity and to their abundance in regenerating tissues (28) . The participation of GFP ϩ cells in the inflammatory response was evident in most of our experiments. GFP ϩ cells in clusters were observed that were similar in size to muscle fibers but could be distinguished by a lack of the basal laminal membrane that always encompasses muscle fibers ( Fig.  2 A and AЈ, arrow heads) . Moreover, these GFP ϩ clusters stained strongly with CD11b͞Mac1, a marker of mature myelomonocytic cells and therefore likely represent macrophages and neutrophils engulfing dying myofibers and participating in a process of muscle fiber degeneration, not regeneration ( Fig. 2 B  and BЈ) . By contrast, GFP ϩ structures that were determined to be myofibers were always surrounded by a basal lamina (Fig. 2 A and AЈ, arrows) and did not express CD11b (Fig. 2 C and CЈ) .
To further explore the potential of cells from the myelomonocytic lineage to contribute to muscle regeneration, we tested whether mature myelomonocytic cells that express CD11b could contribute to myofibers in several experimental paradigms. First, when CD11b ϩ or Gr1 ϩ cells isolated directly from BM were injected i.m. into regenerating TA muscles, no GFP ϩ myofibers were detected after 4 weeks (Fig. 3 A and B and Table 2 ). Second, when CD11b ϩ cells isolated from the PB after G-CSF delivery and consequent mobilization in vivo (29) were injected i.m. into regenerating TA muscles, no GFP ϩ myofibers were detected after 4 weeks (Fig. 3C and Table 2 ). By contrast, in control mice that had received an i.m. injection of c-kit ϩ fractions from either BM or mobilized PB, several laminin-ensheathed GFP ϩ myofibers were consistently observed ( Fig. 3 A and C and Table 2 ).
In a third paradigm, we determined whether mature myelomonocytic cells capable of participating in the inflammatory response in injured muscles were involved in myofiber regeneration. TA muscles of 8-week-old GFP transgenic mice were injured with NTX, and 2 days later the injured muscles were harvested. CD45 ϩ CD11b ϩ cells were isolated from minced muscles and injected into regenerating muscles of C57BL͞6 mice (Fig. 3D) . Once again, no GFP ϩ myofibers were detected in 9 of 10 muscles when mature myelomonocytic cells from injured muscle were injected, whereas CD45 Ϫ CD11b Ϫ cells isolated from the same muscle and likely to be myoblasts contributed robustly to myofiber regeneration (Table 2) . To further test whether myelomonocytic precursors matured to macrophages before integrating into skeletal muscle, we transplanted Z͞EG mice that express GFP upon Cre-mediated excision of lacZ (19) Table 2 . (E) Representative transverse section of TA muscle CD11b-Cre Z͞EG BMT 4 weeks after NTX damage. No GFP ϩ myofibers were detected, whereas GFP ϩ macrophages (arrows) resulting from fusion between Z͞EG endogenous and CD11b-Cre donor macrophages were observed. (F) TA muscle of Z͞EG transgenic mice injected with myoblasts from muscle extract of CMV-Cre transgenic mice was used as positive control. (G) Lin Ϫ c-kit ϩ cells expanded in methylcellulose culture for 1 or 2 weeks and the phenotypes of the cells tested for contribution to muscle regeneration are shown. The number of TA muscles with GFP ϩ myofibers and total number of GFP ϩ myofibers observed for each culture time point are shown in Table 2 .
with BM from transgenic donor mice in which Cre recombinase was under the control of CD11b promoter (18) . Because in adults CD11b is specifically expressed by mature myelomonocytic cells but not by cells earlier in the lineage (i.e., premyelomonocytic cells), recombination and GFP expression should occur only if CD11b-Cre BMDC currently expressing CD11b fuse with muscle fibers that contained the conditional Crereporter GFP gene. CD11b-Cre BM cells were injected into three lethally irradiated Z͞EG mice, and both legs of reconstituted mice were injected with NTX 3 months after BMT. Four weeks after muscle damage, GFP ϩ fibers were not detected in any of the six NTX-injected TAs and in any of the six non-NTXinjected upper front legs. Although GFP ϩ myofibers were not detected in these mice, GFP ϩ endogenous macrophages that fused with other macrophages from the CD11b-Cre transgenic donor mice where observed at the site of regeneration (Fig. 3E) , showing that the Cre recombinase was expressed in macrophages. As an additional control to show that the reporter constructs were capable of Cre recombination in myofibers, the TAs of four Z͞EG recipient mice were injected with myoblasts isolated from transgenic mice ubiquitously expressing Cre recombinase under the transcriptional control of a CMV minimal promoter (22) . Under these conditions, GFP ϩ myofibers were detected (Fig. 3F) . Together, these four experimental paradigms provide evidence that only immature myelomonocytic cells and not mature macrophages can integrate into muscle fibers.
Myelomonocytic Precursor Cells Retain Their Capacity to Contribute to
Muscle After in Vitro Culture. To test whether myelomonocytic cells isolated from the BM can be maintained in vitro and yet be capable of participating in muscle regeneration, Lin Ϫ c-kit ϩ cells freshly isolated from the BM of GFP transgenic mice were seeded in methylcellulose supplemented with cytokines (stem cell factor, IL-3, and IL-6) and cultured for 1 and 2 weeks (Fig.  3G) . After 1 week in culture, the cell population had proliferated extensively and was primarily of an immature phenotype that expressed c-kit (76%), CD31 (67%), and CD13 (85%), whereas only 33% expressed the mature monocytic͞macrophage marker CD11b. Thus, the cells were predominantly in an early stage of myelomonocytic differentiation (30) (31) (32) (33) . After 2 weeks in culture, the expression patterns of the cells had shifted such that a relatively small proportion now expressed the stem cell receptor c-kit (11%) and the immature monocytic markers CD13 and CD31 (29% and 30%, respectively). By contrast, Ͼ60% of the cells expressed the mature monocytic͞macrophage marker CD11b (Fig. 3G ). This finding is in accordance with published studies demonstrating that in vitro myeloid differentiation is accompanied by down-regulation of immature monocytic markers, such as c-kit, CD13, and CD31, and up-regulation of a marker typical of mature macrophages, CD11b (34) .
Both of the cell populations that had been cultured for 1 or 2 weeks were injected into TA muscles treated with NTX and then analyzed 4 weeks later. Only the cells that were grown in culture for 1 week were found to give rise to GFP ϩ myofibers ( Table 2 ). These data demonstrate that myeloid progenitors within BM can be maintained in culture and still retain the ability to contribute myonuclei to regenerating myofibers. In addition, the fact that the cells cultured for 2 weeks, which primarily comprised mature monocytic cells, did not participate in myofiber regeneration provides another line of evidence that mature macrophages do not fuse with myofibers.
Discussion
The identification of a specific cell type within BM that is capable of integrating into muscle fibers is critical to understanding and potentially enhancing this process. In this report, we identify the relevant HSC derivative by using FACS-based BM fractionation and i.m. injections. This approach allowed us to test cellular fractions for their ability to contribute to muscle irrespectively of their blood reconstitution capabilities. The results were consistent among replicates and clearly indicated that mature progeny of myelomonocytic progenitors (macrophages), although fusogenic by nature (35), do not fuse spontaneously with muscle fibers and do not contribute to muscle regeneration in this assay. By contrast, more primitive HSC derivatives, such as myelomonocytic progenitors, can incorporate into regenerating muscle fibers. The finding that both HSC and their derivatives yield GFP ϩ myofibers is in good agreement with recent reports showing that individual transplanted HSC can contribute to muscle regeneration (16, 17) . Although myeloid precursors have previously been implicated in this process (16) , the methodology used had inherent problems. First, because in this study, bitransgenic LysM-Cre͞Rosa f lox͞STOP mice were analyzed, even transient lysozyme expression during embryogenesis could have led to permanent ␤-galactosidase expression in all of the progeny of the cell in which the recombination happened. Second, the lysozyme promoter Cre-construct, although expressed in mature macrophages, has recently been shown to be transiently expressed in HSC resulting in ␤-galactosidase expression in Ϸ10% of cells in each hematopoietic lineage (36) . Thus, expression of ␤-galactosidase in these animals does not provide definitive evidence that the cells that integrated into muscle fibers were macrophages, because they could have derived from any hematopoietic lineage.
In this report, we segregate BM cells by cell fractionation and demonstrate that the cells capable of incorporating into regenerating myofibers are restricted to the myelomonocytic fraction, which agrees well with findings obtained by others in liver (37, 38) . In addition, we show that mature macrophages from three tissue sources are not able to contribute myonuclei during muscle regeneration in contrast to their myelomonocytic progenitors. To further demonstrate that these progenitors do not require maturation to macrophages before incorporating into muscle fibers, we took advantage of the Cre͞lox system in a different setting than what has been recently published (16) . First, by using BMT rather than mating the mice, we did not allow recombination events to occur before the fusion of donor cells with recipient myofibers. Second, CD11b, although expressed in HSC during embryonic development, is not expressed in adult HSC or their progeny before reaching late monocytic differentiation and macrophage maturation (39, 40) . By using positive controls, we were able to show (i) that CD11b-Cre macrophages expressed Cre and were capable of recombination after spontaneous fusion with endogenous macrophages and (ii) that recombination following introduction of myoblasts from CMV-Cre mice into Z͞EG mouse muscle was possible in myofiber nuclei in vivo.
The myelomonocytic progenitor cell fraction identified here represents only 5% of the total BM, and, by using FACS fractionation, it is possible to obtain a substantial enrichment of the relevant cell type. Identification of these cells as the major players in the BM-to-muscle transition is important in that it will facilitate elucidation of the mechanisms by which they incorporate into muscle fibers. Although CD11b is expressed on neutrophils and natural killer cells in addition to macrophages, our results show that none of these populations contributes to muscle, whereas the premyelomonocytic cells clearly do. Based on the findings presented here, we propose that, upon muscle damage, immature myelomonocytic cells are recruited to the injured area and incorporate into muscle fibers, contributing to multinucleate myofiber regeneration. Whether these cells assume a muscle stem cell-like state (satellite cells), directly fuse with regenerating myofibers, or employ a combination of these two pathways remains to be determined. In addition, it remains unknown whether there is a relationship between the myelomonocytic cells described here and other recently described endogenous cells that are capable of contributing to muscle, such as the CD45 ϩ Sca-1 ϩ cells found in the interstitial regions of muscle (41) or mesoangioblasts within the embryonic aorta (42) . Further lineage studies using genetic markers will be required to define the intermediate cell types that may be involved in the blood-to-muscle pathway and the factors that mediate their fusion with muscle fibers. The myelomonocytic progenitors identified here as potential donors of myonuclei could provide a readily accessible cell population for therapeutic applications.
